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a b s t r a c t

Iron chalcogenides have attracted great interest as potential substitutes of nature enzymes in the col-

orimetric biological sensing due to their unique chemodynamic characteristics. Herein, we report the

preparation of ultrathin FeS nanosheets (NSs) by a simple one-pot hydrothermal method and the pre-

pared FeS NSs exhibit strong Fenton-reaction activity to catalyze hydrogen peroxide (H2O2) for gen-

eration of hydroxyl radical (•OH). Based on the chromogenic reaction of resultant •OH with 3,3′,5,5′-
tetramethylbenzidine (TMB), we develop colorimetric biosensors for highly sensitive detection of H2O2

and glutathione (GSH). The fabricated biosensors show wide linear ranges for the detection of H2O2

(5–150 μmol/L) and GSH (5–50 μmol/L). Their detection limits for H2O2 and GSH reach as low as

0.19 μmol/L and 0.14 μmol/L, respectively. The experimental results of sensing intracellular H2O2 and GSH

demonstrate that this colorimetric method can realize the accurate detection of H2O2 and GSH in normal

cells (L02 and 3T3) and cancer cells (MCF-7 and HeLa). Our results have demonstrated that the synthe-

sized FeS NSs is a promising material to construct colorimetric biosensors for the sensitive detection of

H2O2 and GSH, holding great promising for medical diagnosis in cancer therapy.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Hydrogen peroxide (H2O2) is an important molecule in the liv-

ing process, which is related to many diseases such as inflam-

matory, diabetes, cardiovascular diseases and cancers [1–3]. Glu-

tathione (GSH), a kind of endogenous antioxidant in human intra-

cellular and extracellular fluids, can eliminate free radicals from

body and is associated with a variety of clinical diseases [4–6].

H2O2 and GSH are generally used as key biomarkers and prog-

nostic indicators in the biomedical diagnosis. Currently, many an-

alytical methods have been developed to determine H2O2 and

GSH [1,4–6]. Colorimetric method attracts great attention due to

its characteristics of simplicity, rapidity, cost-effectiveness, visual-

izability and strong universality [7–9]. However, most of colori-

metric determination kits for the detection of H2O2 and GSH are
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composed of horseradish peroxidase and glutathione reductase,

which have the shortcomings of time-consuming synthesis, easy

denaturation and high cost [1,10]. Exploration of substitutes with

high catalytic or Fenton-reaction activity like horseradish peroxi-

dase and glutathione reductase is necessary for widening applica-

tions of colorimetric method to detect H2O2 and GSH.

Two-dimensional (2D) nanomaterials have attracted consider-

able attention in biological applications in the last decade [11–

15]. 2D transition metal chalcogenides, e.g., Co9S8 [16], MoSe2
[17], MoS2 [18], WS2 [19] and VS2 [20], have been found to

possess the intrinsic peroxidase-like catalytic activity, which can

serve as enzyme mimics for the colorimetric detection of H2O2

and GSH. Besides, iron-based chalcogenides have been also dis-

covered to have Fenton-reaction characteristics [21,22]. They can

react with H2O2 to produce hydroxyl radical (•OH), which oxi-

dates 3,3′,5,5′-tetramethylbenzidine (TMB) into a blue compound.

Fenton-reaction property of these iron-based chalcogenides makes

them promising for colorimetric determination kits in the detec-
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Scheme 1. One-pot hydrothermal synthesis of ultrathin FeS NSs.

Fig. 1. (a) SEM and (b) TEM images of FeS NSs. Inset in (b): The partially enlarged

TEM image of FeS NSs. (c) HRTEM image and (d) SAED pattern of FeS NSs.

tion of H2O2 and GSH. Although previous reports have demon-

strated that iron-based chalcogenides can be used for colorimetric

sensing of H2O2 and GSH [21], no one has reported the synthesis

of 2D iron-based chalcogenides for colorimetric sensing of H2O2

and GSH.

In this work, ultrathin 2D FeS nanosheets (NSs) are pre-

pared by a simple one-pot hydrothermal method by using hex-

adecyltrimethylammonium bromide (CTAB) as a surfactant. The

Fenton-reaction characteristics of FeS NSs are investigated for fur-

ther construction of colorimetric biosensors to detect H2O2 and

GSH. The fabricated colorimetric biosensors based on FeS NSs can

sensitively monitor H2O2 and GSH levels in the normal and can-

cer cells. This simple and cost-effective colorimetric FeS NS-based

sensor holds great potential in the clinical diagnosis.

FeS NSs were synthesized by a simple one-pot hydrothermal

method by using FeCl2
·4H2O and l-cysteine as precursors and

CTAB as a surfactant (Scheme 1). CTAB has been widely used as a

surfactant for the synthesis of ultrathin 2D nanomaterials. The pre-

pared product was characterized by TEM, HRTEM, SEM, AFM, XPS,

XRD and Raman spectroscopy. It can be observed from the SEM

(Fig. 1a) and TEM (Fig. 1b) images that the product has 2D mor-

phology with an average lateral size of ∼1 μm. AFM image (Fig. S1

in Supporting information) gives its thickness of less than 3 nm,

indicating their ultrathin structure. HRTEM image in Fig. 1c dis-

plays the crystal fringe spacing of 0.18 nm corresponding to the

(112) crystal plane of FeS [23]. The corresponding selected area

electron diffraction (SAED) pattern (Fig. 1d) shows two diffraction

rings corresponding to the (220) and (200) crystal planes of FeS

[24].

XRD and Raman spectroscopy were used to study the struc-

ture of product. XRD pattern (Fig. 2a) exhibits typical diffraction

peak of 17.5°, which is in accordance with the (001) crystal plane

of tetragonal-phase FeS [25]. Raman peaks at 221 and 283 cm−1

(Fig. 2b) are attributed to the B1g and A1g modes of FeS, and Ra-

Fig. 2. (a) XRD pattern and (b) Raman spectrum of FeS NSs. High-resolution (c) Fe

2p and (d) S 2p XPS spectra of FeS NSs.

man peak at 398 cm−1 (Fig. 2b) is attributed to the weak oxi-

dation of FeS [26–28]. In order to further determine the chemi-

cal composition of product, XPS characterization was performed.

Survey XPS spectrum of product (Fig. S2 in Supporting informa-

tion) shows obvious binding energy peaks of Fe (∼720.0 eV), O

(∼530.0 eV), N (∼401.0 eV), C (∼283.6 eV) and S (∼162.0 eV) el-

ements. Two primary binding energy peaks at 711.3 and 724.9 eV

in the high-resolution Fe 2p XPS spectrum (Fig. 2c) are attributed

to Fe 2p3/2 and Fe 2p1/2 of Fe2+ [29,30]. High-resolution S 2p XPS

spectrum (Fig. 2d) shows the two binding energy peaks at 160.8

and 161.9 eV corresponding to S 2p3/2 and S 2p1/2 of S2− [31]. All

the above characterizations prove the successful preparation of FeS

NSs.

Chemodynamic characteristics of FeS NSs was explored by their

Fenton reaction with H2O2 to produce •OH, which can oxidate TMB

to form blue oxidized TMB (oxTMB) (Fig. S3a in Supporting infor-

mation). When FeS NSs were added into the mixture of TMB and

H2O2, the color of mixed solution will turn blue and a charac-

teristic absorption peak at 652 nm can be observed (Fig. S3b in

Supporting information). As a control, there is no change of color

and absorbance for the solution containing only TMB or H2O2 (Fig.

S3b). If GSH is added into the reaction system containing FeS NSs,

TMB and H2O2, the color of blue oxTMB fades into colorlessness

and its absorbance at 652 nm sharply decreases (Fig. S3b). These

results indicate that FeS NSs have evident Fenton-reaction activity

and are promising to provide a feasibility to construct colorimetric

biosensors for sensitive detection of H2O2 and GSH.

Several influence factors such as the concentration of FeS NSs,

pH value, reaction temperature and time were investigated in or-

der to optimize the conditions of Fenton reaction. As shown in

Fig. S4a (Supporting information), the color of the mixed solu-

tion containing FeS NSs, TMB and H2O2 gradually deepens and

the absorbance at 652 nm increases with the increasing concen-

tration of FeS NSs, which means that the Fenton reaction of FeS

NSs is concentration-dependent. 0.4 μg/mL of FeS NSs is chosen

as the most suitable concentration applied in the following experi-

ments. The influence of pH value on the chromogenic reaction was

studied. Different HAC–NaAC buffer solutions (pH = 2.0, 3.0, 4.0,

5.0, 6.0 and 7.0) were taken as the reaction system, respectively.

As shown in Fig. S4b (Supporting information), the absorbance at

652 nm of reaction system reaches the highest value at pH 4.0. It

can be explained that H2O2 prefers to decompose into H2O and O2

rather than •OH at the higher pH value (pH > 5.0) and the gen-
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Fig. 3. (a) The absorbance enhancement (�A652 nm = A - A0) of FeS NSs (0.4 μg/mL)

and TMB (0.2 mmol/L) with different concentrations of H2O2 at pH 4.0. Inset: the

UV–vis-NIR absorption curves with increasing concentrations of H2O2. A and A0 are

the absorbance of FeS NSs and TMB with and without H2O2, respectively. (b) The

linear calibration plots for sensing H2O2. Inset: photographs of corresponding sam-

ples. (c) The absorbance enhancement (�A′
652 nm = A′

0 − A′) of FeS NSs (0.4 μg/mL)

with TMB (0.2 mmol/L) and H2O2 (0.1 mmol/L) in the presence of different concen-

trations of GSH at pH 4.0. Inset: the UV–vis-NIR absorption curves with increasing

concentrations of GSH. A′
0 and A′ are the absorbance of reaction system without

and with GSH, respectively. (d) The linear calibration plots for sensing GSH. In-

set: photographs of corresponding samples. (e) H2O2 and (f) GSH levels of normal

cell (L02 and 3T3) and cancer cells (MCF-7 and HeLa) evaluated by the commercial

H2O2 assay kit and FeS NSs.

erated O2 can restrain the oxidation of TMB [32,33]. The influence

of different temperatures (25, 30, 35, 40, 45, 50 and 60 °C) on the

Fenton-reaction was explored. As shown in Fig. S4c (Supporting in-

formation), the absorbance at 652 nm of reaction system gradually

increases with rising temperature from 25 °C to 45 °C. When the

reaction temperature is up to 45 °C, the absorbance at 652 nm of

reaction system reaches the highest value, indicating that the op-

timal temperature of Fenton reaction for FeS NSs is about 45 °C.
Different incubation time was further performed to investigate its

effect on the Fenton reaction. As shown in Fig. S4d (Supporting

information), it can be seen that the optimal incubation time for

Fenton reaction is 50 min. Based on thorough investigation of the

Fenton-reaction conditions, the maximum Fenton-reaction activity

of FeS NSs (0.4 μg/mL) is observed at pH 4.0 after incubation at

45 °C for 50 min.

A colorimetric method based on FeS NSs is used to detect H2O2

and GSH under the optimized conditions. As shown in Fig. 3a, the

absorbance of reaction system at 652 nm increases with the con-

centration of H2O2 less than 150 μmol/L. An evident change of

the absorbance of reaction system at 652 nm can be monitored

even though the amount of H2O2 is trace (inset in Fig. 3b). The

absorbance of reaction system at 652 nm presents good linear re-

lationships with the concentration of H2O2 within a range from

5 μmol/L to 150 μmol/L (Fig. 3b). The first linear relationship is fit-

ted at 5–40 μmol/L (Y1 = 0.0189 X1 + 0.1028, R1
2 = 0.991) and the

second linear relationship is fitted at 40–150 μmol/L (Y2 = 0.0037

X2 + 0.6858, R2
2 = 0.993). LOD of colorimetric method based on

FeS NSs is evaluated to be 0.19 μmol/L. Compared to the previously

reported colorimetric methods based on other nanomaterials (Ta-

ble S1 in Supporting information) [21,34–38], our constructed FeS

NSs-based colorimetric method exhibits more advantages includ-

ing wider linear range (5–150 μmol/L) and lower detection limit

(0.19 μmol/L).

GSH is the most abundant tripeptide in cells. Abnormal concen-

tration of GSH can lead to cancer, cardiovascular disease, Alzheime

and other serious diseases [39,40]. Therefore, it is of great signifi-

cance to develop a simple and effective biosensor to detect GSH. To

evaluate the assay sensitivity of colorimetric method based on FeS

NSs, different concentrations of GSH (0–120 μmol/L) were added

into the mixed solution containing FeS NSs, TMB and H2O2, and

then incubated for 50 min at 45 °C to measure the absorbance

of reaction system at 652 nm. The reductive GSH can reduce

oxTMB to colorless TMB and this process is accompanied by de-

creasing the absorbance of oxTMB at 652 nm. It is worth not-

ing that the addition of trace amount of GSH can cause a signif-

icant decrease of the absorbance of oxTMB. The decrease of its

absorbance (�A′
652 nm) has a good linear relationship with the

GSH concentration range from 5 μmol/L to 50 μmol/L (Y3 = 0.0200

X3 + 0.03328, R3
2 = 0.991) (Figs. 3c and d), and LOD is calcu-

lated to be 0.14 μmol/L. This analytical performance is superior

to that of reported sensing platform based on Fe3O4 nanoparticles

[41], Co3O4 nanocrystals [42], Au nanoparticles [43], Au nanoclus-

ters [44], carbon nanodots [45] or FeS2 nanoparticles (Table S2 in

Supporting information) [21]. The gradual fading of blue color of

oxTMB with the addition of GSH is visible to naked eyes (inset in

Fig. 3d), indicating that FeS NSs can be applied in a simple col-

orimetric method of visually observed assay for the detection of

GSH.

Normal and cancer cells are different in the microenvironment

[46–48]. The concentration of H2O2 in cancer cells is often at the

micromole level [49–51], while the concentration range of GSH as

the biomarker for cancer is generally from 1 mmol/L to 10 mmol/L

[52,53]. It is of great significance to develop a simple method to

detect H2O2 and GSH levels in cells. The good linear range and

low LOD of our approach make it be able to satisfy the detection

of H2O2 and GSH levels in normal cells and cancer cells. In order

to quantitative analysis of intracellular H2O2 and GSH levels based

on our method, four cells including two normal cells (L02 and 3T3)

and two cancer cells (MCF-7 and HeLa) are chosen as models. As

shown in Fig. 3e, the H2O2 levels in L02, 3T3, MCF-7 and HeLa

cells are evaluated by our colorimetric method based on FeS NSs

to be 36, 23, 156 and 138 μmol/L, respectively. Meanwhile, The

GSH levels in L02, 3T3, MCF-7 and HeLa cells are measured by our

colorimetric method to be 134, 25, 1009 and 1058 μmol/L, respec-

tively (Fig. 3f). Our measured data show a high degree of agree-

ment with those evaluated by commercial assay kits (Figs. 3e and

f), suggesting the accuracy and reliability of colorimetric sensing

method based on FeS NSs for the detection of intracellular H2O2

and GSH levels both in normal cells and cancer cells. Compared

with sensing method by using commercial assay kits, colorimetric

method based on FeS NSs is more cost-effective.

In summary, ultrathin FeS NSs have been synthesized by one-

pot hydrothermal method, which possess excellent Fenton-reaction

activity to decompose H2O2 into •OH. Based on the outstanding

chemodynamic characteristics of FeS NSs, a new colorimetric sen-

sor has been constructed for rapidly sensing H2O2 and GSH. Our

fabricated colorimetric sensor shows wide linear ranges for the de-

tection of H2O2 (5–150 μmol/L) and GSH (5–50 μmol/L). Its LODs

for the detection of H2O2 and GSH are as low as 0.19 μmol/L

and 0.14 μmol/L, respectively. In the quantitative analysis of H2O2

and GSH levels in normal and cancer cells, the colorimetric sensor

based on FeS NSs gives high accuracy and reliability. Our study has

proven that the prepared 2D FeS NSs are promising for the con-
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struction of convenient colorimetric biosensors in medical diagno-

sis and treatment.
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